Abstract The purpose of this study is to develop the design equation of a laminar-falling-film-slurry-type (LFFS) photoreactor for the treatment of organic wastewaters (Acid Red 4) by 185 nm vacuum ultra-violet (VUV) related processes. The LFFS photoreactor is one of the most efficient reactor configurations for conducting heterogeneous photocatalytic reactions, particularly for wastewater treatment. The decomposition of Acid Red 4 dye wastewaters by VUV-based photo-oxidation process was studied under various UV light intensities, dosages of H 2 O 2 and TiO 2 . By the treatment of the LFFS -VUV only process, it was found that the decomposition rates of the dye in aqueous solutions increased with the increasing of VUV light intensity, dosage of TiO 2 , dosage of H 2 O 2 . The apparent potential of OH. generation from the photolysis of used oxidants (i.e. OH. sources, H 2 O, H 2 O 2 , TiO 2 ) to decompose the targeted dye wastewater was investigated and compared.
Introduction
Textile finishing mills discharge wastewater containing a great variety of organic contaminants in a wide range of concentrations. Owing to the large degree of aromatics present in these molecules and the stability of modern dyes, conventional biological treatment methods are ineffective for decolourization and degradation. During the last decade, attention has been focused on chemical techniques that could be used to discolour textile wastewaters. Among these techniques, UV irradiation in combination with some powerful oxidants (e.g. O 3 and H 2 O 2 ) can be a promising alternative for the effective removal of colour and refractory organics from the effluent because it does not generate chemical sludges and, moreover, toxicity of wastewater is generally reduced. In practical application, a considerable disadvantage of the majority of the degradation processes introduced above is the need to add external agents into the aqueous medium. In such situations, the effectiveness of the processes relies on solid-liquid and gas-liquid mass transfer that sometimes limits the process. The development of novel vacuum light (VUV) sources over the last few years, has opened up new possibilities for in situ generation of hydroxyl radicals (OH z ). Hence, the vacuum-UV photolysis of water (H 2 O-VUV) is still a field of active research compared with other AOPs (Oppenlander and Gliese 2000) . The special requirements of the VUV photolysis of water according to Eqn (1) are related to the formation of high local concentration of hydroxyl radicals (OH z ) and a series of other species (Gonzalez and Braun 1995) within a photochemical reaction zone of less than 0.1 mm (Heit and Braun 1997) . The UV light with high energy causes the homolysis of water into hydroxyl radicals and hydrogen molecules. Common light sources for this process are 'ozone-producing' low pressure mercury lamps (emitting at 185 nm) and the Xe excimer lamp (emitting at 172 nm). The depth of this reaction volume is defined by the high absorption cross-section of water at the wavelength.
The oxygen molecules in aqueous solutions were also reported to be excited by VUV with the wavelength ranging from 140 to 190 nm to generate hydroxyl radicals as below (Lenard 1990 ):
The VUV irradiation of contaminated water provides a simple technique for the oxidation and mineralisation of water contaminants without the addition of supplementary oxidants. For example, it has been used in the treatment of ultrapure water in the semiconductor industry. However, intensive basic research is still necessary to completely understand the fundamental principles of the photochemical process of VUV-induced water treatment.
Advanced oxidation technologies have been shown to be effective in decomposing many hazardous pollutants in the environment. Among these technologies, UV-based processes (e.g. UV/TiO 2 ) are notable because of their ability to mineralise a wide range of organic compounds. However, the application of photocatalytic processes for largescale wastewater treatment has not advanced rapidly because of the low rates of oxidation (Puma and Yue, 1999) . The optimisation of reactor design can enhance the efficiency of photo-oxidation systems. The major limitations in the designs of photocatalytic reactors have been extensively discussed by Puma and Yue (1998) . The authors indicated that inefficiencies in photocatalytic reactors are due to light scattering, non-correspondence between the radiation field and fluid residence time, filming on the transparent wall of photoreactors and mass transfer of reactants. Several reactor configurations were analysed with respect to these factors. It was shown that laminar falling film slurry (LFFS) photocatalytic reactors should provide a highly efficient reactor configuration for wastewater treatment by heterogeneous photocatalysis. On the other hand, LFFS photocatalytic reactors irradiated by artificial sources of UV radiation would be best designed according to the inner wall configuration (LFFSIW), in which the liquid film descends along the internal wall of a column with the lamp sited in the middle of the column. Yatmaz et al. (1993) reported the use of an LFFS photocatalytic reactor illuminated with artificial UV lamps. The paper described experiments conducted in a pilot-scale continuous-flow LFFSIW photocatalytic reactor that has been designed for optimal radiation absorption using commercially available UV lamps. The effects of the integration of heterogeneous photocatalysis with other UV technologies were studied by varying the following experimental conditions: the intensity and wavelength of the incident radiation, the presence of supplementary oxidising agents, the substrate and catalyst concentrations, and the exposure time to irradiation (Puma and Yue, 1999) .
In this work, the treatment of dye wastewaters by the VUV-only, VUV/TiO 2 and VUV/H 2 O 2 process in the LFFS photoreactors was studied under various operational parameters. Acid Red 4 is used as a surrogate chemical to represent azo dyes as shown in the following chemical structure: In this study, a detailed investigation on the reaction kinetics of the reacting species under various operational conditions was monitored in order to investigate and compare the decomposition behaviours of Acid Red 4 in aqueous solutions by VUV-based photooxidation processes.
Experimental
Experiments were performed in a bench scale LFFSIW photoreactor as shown in Figure 1 . The reactor column is 230 mm in length and 27 mm in diameter depending on the use. Aqueous suspensions of TiO 2 or H 2 O 2 were prepared in a feed tank. The recycle loop system also included a collector tank at the bottom of the reactor column. The reactor was operated with a low-pressure mercury 185 nm vacuum-UV lamp which was inserted directly into the reactor at the centre without a quartz sheath. The suspension of Acid Red 4, TiO 2 , deionised water, and hydrogen peroxide (when used) was prepared in the feed tank and was left in the dark with the stirrer for more than 30 min to reach equilibrium. Solutions were continuously pumped from the feed tank to the top of the reactor column through an overflow tank. This arrangement provided a uniform laminar falling film of slurry. On reaching steady-state conditions, samples were collected from both the 
(1) (2) Figure 1 Schematic representation of the LFFSIW photoreactor system: (1) Storage tank; (2) Stirrer; (3) Pump; (4) VUV lamp; (5) LFFSIW photoreactor; (6) Power supply; (7) Power source feed tank and the reactor outlet. The concentration of hydrogen peroxide was measured by iodometry. The temperatures of the suspensions in the reactor were kept around 25 8C.
Results and discussion
Dependence on exposure time by VUV direct photolysis
The VUV light with high energy can cause the homolysis of water into hydroxyl radicals to destroy the dye molecules in aqueous solutions. The decomposition of Acid Red 4 in the VUV only systems at various light intensities is shown in Figure 2 indicating that the decomposition rates of Acid Red 4 increased with increasing light intensities in a decay behaviour following a zero-order kinetic. The removal of Acid Red 4 was found to be about 60% at the intensity of 18 mW/cm 2 .
Effect of TiO 2 dosage
The main feature that distinguishes a photoreactor from a chemical reactor is the presence of photons. The effect of these photons in a photocatalytic reactor is determined by the distribution of the local volumetric rate of energy absorption (LVREA), which in turn is influenced by the geometry of the reactor and the catalyst loading (Puma and Yue, 1999) . Figure 3 shows the decomposition of Acid Red 4 in aqueous solutions in VUV/TiO 2 systems at various TiO 2 dosages (100-2,000 mg/L). It was found that the decomposition rates of Acid Red 4 increased with increasing solution TiO 2 dosage but the removal differences among the results were not significant at all. Acid Red 4 can be removed up to 75% in 30 min.
Effect of H 2 O 2 dosage
The H 2 O 2 molecules can be split by VUV light into two moles of hydroxyl radicals to decompose the dye molecules in aqueous solutions. The decomposition of Acid Red 4 in aqueous solutions in VUV/H 2 O 2 systems at various initial concentrations of H 2 O 2 is shown in Figure 4 indicating that the decolouration rates of Acid Red 4 increased with increasing the H 2 O 2 concentration. Acid Red 4 can be totally removed in the desired reaction time and the reaction rates were found to be apparently larger than those by VUV direct potolysis and VUV/TiO 2 process. The effect of the addition of hydrogen peroxide as a supplementary oxidising agent was investigated for both VUV/H 2 O 2 and VUV/H 2 O 2 /TiO 2 processes. Hydrogen peroxide in UVA heterogeneous photocatalysis has been reported to act as both an accelerator and an inhibitor. A mechanism has been proposed by Peterson et al. (1991) suggesting rate enhancement by electron trapping at low concentrations of hydrogen peroxide and rate inhibition by hydroxyl scavenging at a large excess of peroxide. The pseudo-first order reaction rate constants of Acid Red 4 in aqueous solutions by various photolytic processes are shown in Table 1 . The magnitude of reaction rate constants were found to be as the sequence: VUV/H 2 O 2 . VUV/TiO 2 /H 2 O 2 . VUV/TiO 2 . VUV only. The decomposition rates of the dye by VUV/H 2 O 2 process were found to be much larger than those by VUV only and VUV/TiO 2 process indicating that more OH. can be produced from hydrogen peroxide rather than the OH. sources from H 2 O (VUV only) and TiO 2 at the reaction conditions. The decomposition rate constant (0.0924 min
21
) of Acid Red 4 by the combination system of VUV/TiO 2 /H 2 O 2 process was small than that (0.1330 min 21 ) of the VUV/H 2 O 2 process possibly due to the UV light block effect of TiO 2 which considerably retarded the generation of OH. from the photolysis of H 2 O 2 at the operational conditions.
Conclusion
The results obtained have shown that the VUV-based photo-oxidation processes were capable of efficiently decomposing Acid Red 4 dye wastewaters. For the VUV/H 2 O 2 and VUV/TiO 2 /H 2 O 2 processes, the reaction rates of Acid Red 4 were significantly raised compared with those by VUV direct photolysis. The decomposition rates of the dye in aqueous solutions increased with the increasing of VUV light intensity, dosages of TiO 2 and H 2 O 2 by the treatment of LFFS -VUV photolytic processes. The results of this research could be a useful basis for the future application of the VUV-based advanced oxidation processes for the treatment of organic wastewaters. 
